The electrical properties of donor-doped SrTiO 3 (n-STO) are profoundly affected by an oxidation-induced metal-insulator transition (MIT). Here we employ dynamical numerical simulations to examine the hightemperature MIT of n-STO over a large range of time and length scales. The simulations are based on the Nernst-Planck equations, the continuity equations, and the Poisson equation, in combination with surface lattice disorder equilibria serving as time-dependent boundary conditions. The simulations reveal that n-STO, upon oxidation, develops a kinetic space charge region (SCR) in the near-surface region. The surface concentrations of the variously mobile defects (electrons, Sr vacancies, and O vacancies) are found to vary over time and to differ considerably from the values of the new equilibrium. The formation of the SCR in which electrons are strongly depleted occurs within nanoseconds, i.e., it yields a fast MIT in the near-surface region during the oxidation process. As a result of charge (over-)compensation by Sr vacancies incorporated at the surface of n-STO, this SCR is much more pronounced than conventionally expected. In addition, we find an anomalous increase of O vacancy concentration at the surface upon oxidation caused by the SCR. Our simulations show that the SCR fades in the long term as a result of the slow in-diffusion of Sr vacancies. We discuss implications for the electrical conductivity of n-STO crystals used as substrates for epitaxial oxide thin films, of n-STO thin films and interfaces, and of polycrystalline n-STO with various functionalities.
I. INTRODUCTION
Perovskite-type oxides exhibit a plethora of fascinating electronic material properties covering an exceptionally wide range of phenomena in solid state and surface physics [1, 2] . The prototypical perovskite SrTiO 3 (STO), its isostructural cousin BaTiO 3 (BTO), and their solid solutions belong to the most widely studied oxides because of their diverse functionalities, including tunable high-k dielectric and electro-optical behavior, ferro-and piezoelectricity, and ionic conduction and photocatalytic activity. Layered in an atomically defined manner as epitaxial heterostructures and superlattices, material properties can be combined on the nanoscale level [3] , and new functionality even can be generated at interfaces [1, [4] [5] [6] , making the family of perovskite oxides even more important and fascinating both for fundamental research and for technological applications.
STO is a d 0 band insulator with a band gap of 3.2 eV at 0 K. The valence band corresponds mainly to O 2p states, while the conduction band originates mainly from Ti 3d states [7] . Similar to semiconductors, many electronic phenomena in STO and BTO are induced or modified by doping. Donor doping through substitutions with higher valent cations, such as La 3+ on Sr 2+ sites or Nb 5+ on Ti 4+ sites, plays a particularly important role, because it generates electrons in STO. Therefore, after high-temperature fabrication of such donor-doped samples, the positive charges of ionized donors are balanced by an equal amount of electrons [ Fig. 1(a) ]. Because of STO's high permittivity, the energy levels of these hydrogenlike donors are very shallow, rendering donor-doped STO (n-STO) a degenerate, metallike semiconductor without carrier freeze-out, even at very low donor concentrations [8] .
With the exception of very low temperatures, electron mobility is limited by phonon scattering with a room temperature value of approx. 6 cm 2 V −1 s −1 [9] [10] [11] [12] [13] [14] [15] . In contact with a high-work-function metal electrode, Schottky barriers are formed in n-STO due to the mismatch of the materials' work functions (e.g., Nb:STO/Au) [16] [17] [18] [19] [20] .
n-STO is explored for functionalities as diverse as thermoelectricity [21] [22] [23] , memristive switching [24] [25] [26] , superconductivity [27, 28] , and photoelectrolysis [18, 29] . In particular for the resistive switching behavior, the underlying physical mechanisms in devices based on n-STO are not understood in detail, and contradicting interpretations are under debate [25, [30] [31] [32] [33] [34] . Furthermore, polycrystalline n-STO and donordoped BTO (n-BTO) have been used commercially for decades in electronic components that functionalize oxidized grain boundaries as internal interfaces [35] .
In addition to these direct functionalities, single crystalline n-STO is of great significance as a substrate for the epitaxial growth of oxide thin-film structures. It is the only electronically conducting perovskite that is commercially available as a substrate and is commonly used as a conducting (quasi-metallic) bottom electrode in epitaxial oxide electronic thin-film devices, such as resistively switching memories [36] [37] [38] , ferroelectric tunnel junctions [39] , or magnetic tunnel junctions [40] . While these novel device concepts often exploit advanced physical models, there is still a lack of understanding of some of the fundamental properties of the involved materials-in particular of the substrate, n-STO. Simplified sketch of the oxidation-induced metalinsulator transition of donor-doped SrTiO 3 . In the initial state (a), the positive Nb donor charges (Nb · ) are balanced by electrons (e ′ ). Upon oxidation, the oxygen from the gas phase gets reduced by the free electrons in the near-surface region (a,b). Together with Sr ions from the topmost surface, nuclei of a SrO secondary phase are formed (leaving Sr vacancies behind). In this paper, we discuss an unexpected and significant "overoxidation" of the surface in the initial time regime, the formation of a correspondingly enhanced space charge region, and, in the long term, the diffusion of Sr vacancies into the bulk under time-and position-variable ambipolar acceleration (b,c). At the end of the process, the positive charge of ionized Nb dopants is balanced ionically by Sr vacancies, effectively acting as intrinsic codopants (ionic charge balance). In that case, n-STO turns into an insulating state. Note that the Kröger-Vink notation [52] i su s e di n this sketch.
On the one hand, in physical models of thin-film devices, n-STO is commonly treated as a simple, metallic bottom electrode, in which the Fermi level is located close to or within the conduction band across the entire sample, all the way to the surface. At most, the formation of a Schottky barrier is considered for n-STO in contact with high-work-function metals. In this case, a space charge layer of purely electronic origin forms.
On the other hand, it has been known for a long time that n-STO (and n-BTO) may undergo an oxidation-induced metal-insulator transition (MIT) at high temperatures driven by the formation of cation vacancies. This process is generally regarded as a very slow process because of the very low diffusivities of the cation vacancies involved in this process. For this reason, the process is often neglected during the annealing of epitaxial films on n-STO at moderate temperatures. There are, however, clear indications that the oxidationinduced MIT is greatly accelerated at the surface and in the near surface layer of n-STO crystals, as will be discussed in more detail below. This oxidation-induced MIT leads to considerable changes in the ionic constitution of the surface of n-STO (or of the interface between a functional layer and a n-STO substrate), and these changes may drastically affect the electronic properties of the entire stack, as will be discussed in this paper.
Electrical charge neutrality in doped STO is generally explained by a lattice disorder model that determines the bulk concentration of native defects formed in STO as a function of thermodynamic boundary conditions. In the case of donor-doped STO, the excess positive charge of donors can be balanced either by electrons or by acceptor-type Sr vacancies depending on the ambient oxygen activity at high temperatures [41] . As a result, n-STO shows significant electronic conduction when annealed and quenched in moderately low oxygen pressures, but it undergoes a MIT, when the donor charge is compensated exclusively by Sr vacancies. In contrast, oxygen vacancies, as minority charge carriers, are widely regarded as less important in determining the bulk electronic properties of n-STO.
While the thermodynamics of the lattice disorder of n-STO in equilibrium are reasonably well understood [41, 42] , the kinetics of the high-temperature equilibration process and the corresponding MIT are yet to be elucidated in detail (Fig. 1) . One main reason for the lack of understanding may be the extremely low diffusivity of Sr vacancies compared with that of O vacancies, with a difference of approximately 10 orders of magnitude at 1000 K [43] . As a consequence, the times for equilibration on macroscopic length scales are expected to be much larger for n-STO (governed by slow Sr diffusion kinetics) than for acceptor-doped STO (governed by O diffusion kinetics [44] ).
While this behavior has been confirmed for macroscopic STO crystals [45, 46] , there is experimental evidence that appears to contradict the sluggish motion of Sr vacancies at and near the surface of n-STO. Kinetic studies of porous n-STO ceramics at T ≈ 1100 K revealed fast electrical response times for both oxidation and reduction processes comparable to those found in acceptor-doped STO [47] . The nanoionic resistive switching of donor-doped STO mentioned above also has been found, surprisingly, to occur at the same rate as that of undoped and acceptor-doped STO [33] . Moreover, the n-type conducting interface between LaAlO 3 and SrTiO 3 shows the typical ionic compensation behavior of n-STO under oxidizing conditions already at T ≈ 1000 K [48, 49] , indicating rather rapid migration kinetics of the cation sublattice of STO on nanometer length scales.
The present paper discusses in detail a transport model that describes quantitatively all the significant features of the oxidation-induced MIT over a dynamic range in time, spanning more than 18 orders of magnitude. In a previous paper, we examined the long-time behavior of the MIT using 18 O tracer diffusion experiments, and we proposed a transport model that accounted for the observed behavior [46] . Here, we provide a comprehensive description of the MIT on the short, intermediate, and long time scales. This transport model allows us to elucidate the origin of the apparent contradictions (referred to above) regarding the fast electrical response of porous ceramics and of resistive switches, as well as the defect dynamics of complex oxide interfaces. It also allows us to predict the behavior of n-STO substrates at conditions relevant to the growth and annealing of thin films and substrates. Indeed, our results emphasize that oxygenating deposited films, in order to achieve optimal film functionalities, may deleteriously affect the required functionality (conductivity) of the substrate.
II. FUNDAMENTALS AND COMPUTATIONAL METHODOLOGY

A. Fundamentals of the lattice disorder in donor-doped STO
Over the last decades, the bulk lattice disorder of STO (and of isostructural BTO) as a model perovskite-type oxide has been studied extensively. The equilibrium thermodynamics of lattice disorder in these materials, acting as the basis for our dynamic study, is reviewed in this section. Because we performed our study on STO, we will focus on STO, although most of the conclusions hold for BTO in good approximation, too, as the material properties of BTO are only slightly different. Where appropriate, we will refer to studies on BTO for completeness.
Please note that in classical semiconductors such as Si doped with donors, the charge neutrality is maintained through a balance of ionized donors and electrons. Counterdoping by acceptors leads to compensation of the donors and a corresponding decrease of the electron concentration. In metal oxides, such as the STO discussed here, these compensating acceptors may arise from the incorporation of native ionic defects. The balance between electronic charge carriers (electrons and holes), charged dopants, and charged native defects (oxygen vacancies and cation vacancies, in particular Sr vacancies) controlled by means of thermodynamic boundary conditions (temperature and oxygen pressure) is at the heart of the lattice disorder model of STO and of the observed oxidation-induced MIT.
Intrinsic defect formation processes in STO
During the growth of single crystals and the sintering of polycrystals at very high temperatures (T>1800 K), cation and anion vacancies are formed through Schottky disorder. Interstitial defects can be neglected even at these high temperatures. In fact, their formation energies are extremely high because of the high packing density of the ABO 3 perovskite lattice [43, 50] . In the case of STO, O vacancies and Sr vacancies are formed, while Ti vacancies are less likely because their formation is energetically more costly [47, 51] .
At these high temperatures, STO establishes a Schottky equilibrium [Eq. (1) , top], with defect concentrations according to the corresponding law of mass action [Eq. (1) , bottom]
Here we use the Kröger-Vink notation for point defects in the crystal lattice [52] . Sr represents the secondary phase, which is formed at external or internal interfaces (i.e., surfaces or grain boundaries) of the crystal as a result of mass conservation [53, 54] . Because of this process, the formation of Sr vacancies occurs at surfaces or interfaces [ Fig. 1(b) ]. Equilibration of the entire system is then mediated by the diffusion of defects into the bulk [ Fig. 1(c) ]. As a separate phase, SrO has a constant activity and, therefore, does not appear in the mass action equation. K S (T ) denotes the reaction constant of the Schottky equilibrium. (Note that it remains to be elucidated how this thermodynamically controlled reaction at the surface of STO relates atomistically to the surface reconstruction and the Ti n O m structures observed by scanning tunneling microscopy on the surfaces of n-STO crystals [55] [56] [57] .)
To establish the Schottky equilibrium [Eq. (1)] on a reasonable time scale, the diffusion of the vacancies has to be fast. The self-diffusion coefficients V O¨a nd V ′′ Sr in STO have been studied extensively by various experimental techniques and by simulation. It turns out that O vacancies show high mobility in the perovskite lattice and a low activation energy of diffusion of 0.6-1.0 eV [58, 59] . In contrast, Sr vacancies exhibit very low mobility and a high activation energy of 2.5-4.0 eV [43, 46] . A compilation of data from selected literature is provided in Supplemental Material Fig. S1 [60]. As we shall see, the huge differences in the self-diffusion coefficients of V O¨a nd V ′′ Sr have a tremendous impact on the lattice disorder of n-STO during the oxidation process and the oxidation-induced dynamics of the MIT. Because of the very low mobility of V ′′ Sr , the Schottky equilibrium [Eq. (1)] is only approached within reasonable times in the high-temperature (HT) regime, i.e., approximately T>1300 K, in macroscopic crystals (micrometer sizes and larger).
The density of oxygen vacancies [V O¨] is coupled to the ambient atmosphere as described by the oxygen exchange equilibrium
reflecting the removal of oxygen from the lattice into the gas phase. As a consequence, O vacancies and electrons are generated in the perovskite lattice. K O (T ) denotes the temperature-dependent mass action coefficient for the reduction reaction of the oxygen sublattice. Because of the high mobility of O vacancies, Eq. (2)ofthe oxygen sublattice is active on macroscopic length scales down to moderate temperatures (MT regime). It has a lower temperature limit of approximately 500-700 K. Contrary to common assumptions, this limit is not at all due to the mobility of the O vacancies being too low (it is small but still significant at even lower temperature), but because the kinetics of the exchange reaction (2) at the surface become too sluggish [61, 62] .
At low temperatures (LT regime) down to 0 K, only the electronic equilibrium
remains active. The temperature dependence of the reaction constant K e is related to the band gap, in analogy to classical semiconductor physics (see Table I ).
Doping in STO
During fabrication, foreign cations can be substitutionally incorporated as dopants to control both the defect structure and the electronic properties of STO. Cation substitutions with lower valent cations (e.g., Al or Fe on Ti sites) lead TABLE I. Mass action laws determining the bulk defect chemistry of n-STO, as well as important material parameters such as self-diffusion coefficients, electron mobility, dielectric constant, and band gap, collected from the literature (Ref. [76] ). The temperature dependence is given in the center column. On the right-hand side, the values have been evaluated for a temperature of 1500 K, which were chosen for our model calculations.
Material constants in SrTiO 3
Constant
Value at T = 1500 K Ref.
Band gap [ 104] to an acceptor doping of the STO lattice. The acceptor energy levels always lie deep in the band gap of STO [63] . As a consequence, the negatively charged ionized acceptors are preferably compensated ionically by the incorporation of positively charged oxygen vacancies, while holes are always minority carriers. It is important to note that Sr vacancies, incorporated in the HT regime [Eq. (1)], also act as (native) acceptors. Because of this, even ideally undoped STO will act as slightly acceptor-doped, too. As noted previously, the thermodynamics and the kinetics of the lattice disorder of such an acceptor-doped STO have been comprehensively studied and are well understood, both in the bulk [10, 42, 61, [64] [65] [66] [67] [68] as well as in thin films [69] and near-surface space charge regions [58, 70, 71] .
Higher valent cation substitutions, such as La on Sr sites (La · Sr )orNbonTisites(Nb · Ti ), establish extrinsic donor centers in the STO lattice. Due to the shallow energy levels, the donors can be charge balanced by electrons. However, as mentioned above, donors also can be compensated by Sr vacancies V ′′ Sr . Because of these two different charge balance mechanisms for n-STO, the thermodynamics of the lattice disorder of donordoped STO is very different from that of acceptor-doped STO (see, e.g., [46, [72] [73] [74] and a comprehensive paper by Moos and Härdtl [41] ). In particular, the dominant charge balance mechanism in n-STO may change with ambient atmosphere, as discussed in the following section.
Equilibrium defect concentrations and mixed ionic-electronic charge balance in n-STO
Based on the mass action constants of the defect equilibria [Eqs. (1)- (3)] and the dopant densities introduced during fabrication of the crystal, all majority and minority densities can be calculated as a function of the oxygen partial pressure (pO 2 ) and T using the charge balance [electroneutrality (EN)] condition. For donor-doped STO, the EN condition reads
where [D · ] denotes the density of the donors. Here, we can neglect the fact that O vacancies can be singly charged because their concentration is negligible at the temperatures considered here [75] . This simplification does not affect the general validity of the lattice disorder model [41] . Figure 2 (a) shows the resulting HT equilibrium concentrations for 1 at % donor-doped STO at an exemplary temperature of 1500 K as a function of pO 2 using the material constants listed in Table I [76] . At T = 1500 K, all defect equilibria [Eqs. (1)- (3)] are active. For convenience, we will keep this temperature throughout this paper for the discussion of the equilibration dynamics. The dopant concentration is typical for Nb:STO substrates used for thin-film synthesis, as well as for functional ceramic devices.
Three pO 2 regimes can be distinguished. In very reducing atmospheres (pO 2 In this region, n drops below the donor concentration level. Unlike in semiconductors, the electron density in n-STO can thus be strongly reduced below the donor level, resulting in a low electronic conductivity and even insulating behavior when the ionized donors are compensated exclusively by ionic Sr vacancies.
The boundary between the two latter EN regimes shifts towards higher pO 2 with increasing temperature. Thus, ionic compensation is suppressed increasingly at higher [60] ). For this reason, a donor-doped STO crystal grown in air at T>1800 K is an electronically charge-balanced material that remains conducting.
An MIT is induced when the pO 2 is changed from the electron charge-balanced regime [red area in Fig. 2(a) ]t o the cation vacancy charge-balanced regime (green area) at a given temperature. As a result of the formation of Sr vacancies at the surface and their penetration into the crystal, SrO-rich secondary phases form during the oxidation process, as mentioned above [53, 77, 78] .
To study the MIT in detail, it is most convenient to consider the so-called HT redox equilibrium one receives by combining Eqs. (1) and (2):
To achieve controlled lattice disorder and n-type conducting doped STO single crystals, ceramics, and thin films, a suitable temperature (and gas atmosphere) treatment can be derived based on the equilibrium defect concentrations discussed above. Typically, this is done by a first anneal in the HT regime (where the Schottky equilibrium is active; setting a well-defined Sr vacancy concentration), a subsequent second anneal in the MT regime at a given pO 2 (to establish a well-defined O vacancy density), and a final quenching into the LT regime, in which the electronic equilibrium is established. Hence, a combination of temperature and oxygen pressure is chosen according to the bulk lattice order model.
As we will show, these different temperature regimes can also be mapped onto different time scales. A sudden change of the pO 2 for a micrometer-sized crystal at 1500 K will lead to (i) a new electronic equilibrium within tens of picoseconds because of the high mobility of electrons,
(ii) a new equilibrium of the oxygen sublattice within milliseconds because of the moderately high mobility of O vacancies, and (iii) a new Schottky equilibrium (i.e., equilibrium of the Sr sublattice) within days because of the very low mobility of Sr vacancies.
A justification of the time scales will be provided below. Figure 2 (a) refers to time scale (iii); that is, it reflects the equilibrium of all electronic charge carriers and ionic sublattices.
B. Kinetics of the oxidation-mediated MIT-limitations of the classical approach
To address the dynamics of the high-temperature MIT in donor-doped STO, we consider a sudden jump in pO 2 from the regime of the electronically charge-balanced ionized donors [ Fig. 1(a) ] to the regime of cation vacancy charge balance [ Figs. 1(b,c) ], which then drives the material into a new equilibrium of lattice disorder. Here, we specifically discuss a sudden jump from pO 2 = 10 −10 Pa (electronic charge balance) to pO 2 = 10 5 Pa (ionic charge balance) at Fig. 2(a) ]. Hence, before the jump, the charge of ionized donors is balanced by electrons, while Sr vacancies and O vacancies are minority carriers. Upon the jump to pO 2 = 10 5 Pa, the surface concentration of the Sr vacancy concentration increases by several orders of magnitude, while the electron concentration drops accordingly [cf. new equilibrium at pO 2 = 10 5 Pa in Fig. 2(a) ]. The O vacancy concentration is reduced.
In the classical approach, the jump in pO 2 leads to an immediate change of the concentrations at the surface according to Eq. (5), followed by the diffusion of point defects into the interior until the new equilibrium in ionic compensation is achieved throughout the bulk. The process rate for diffusion is assumed to be determined by the least mobile species-in our case, obviously the Sr vacancies. The classical approach considers local charge neutrality as well as time-independent boundary conditions during the process. Therefore, the oxidation process spreads into the interior of the STO crystal by the diffusion of Sr vacancies following Fick's second law. This yields an exponential concentration profile [ Fig. 2(b) ], because this process can be regarded as a diffusion from an infinite source. Based on the V ′′ Sr self-diffusion coefficient (Table I) , a penetration depth of just a few nanometers would be expected for a diffusion time of some seconds (
As mentioned in the Introduction and elaborated in more detail below, however, the short-term oxidation process is observed to occur many orders of magnitude faster than the classical approach suggests. The charge-neutral classical treatment of the diffusion process hence seems to be too simplified, and a substantial extension of the classical model is needed. As we shall see, the key to the improved understanding lies in the interaction of the defects during the MIT and the formation of a transient space charge region (SCR) near the surface having tremendous impact on the time evolution of the process. In particular, the associated electric field within the SCR, accelerating (decelerating) the dynamics of the oxidation process, needs to be considered.
C. Numerical model with time-variant boundary conditions
Space charge formation and related diffusion processes
For the diffusion of charged species, the electrostatic interaction of the defects with an internal electric field has to be considered. Internal drag fields naturally arise when charged defects move differently fast, leading to a separation of charge in the process. The resulting electric field accelerates slow species and decelerates fast species and, hence, couples the diffusion of all species. This is classically captured in the framework of ambipolar diffusion. The kinetics of diffusion of different species are then determined by the common ambipolar diffusion coefficient as already pointed out by Carl Wagner [79] . Since then, ambipolar diffusion is used as the textbook model for the entire area of semiconductor physics [80] and ionic crystals [81] . Typically, there are just two mobile defects to be considered, so that an analytical expression of the ambipolar diffusion coefficient of two charged species, A and B, can easily be derived [82, 83] as
where D i , C i , and z i are the self-diffusion coefficients, densities, and charge numbers of species A and B.
In our case, however, there are three charged species involved, electrons, Sr vacancies, and O vacancies. Although the case of three charge carriers has been considered in the literature [84, 85] , in our case, there is a further major complication: Electrons (Sr vacancies) change from being majority (minority) carriers to minority (majority) carriers in the course of the MIT process. As a consequence, an analytical solution is not feasible, and a numerical approach is called for. This approach is based on generic transport equations with the self-diffusion coefficients of all species combined with the reaction equations given in Section II A.Itimplicitly considers the (ambipolar) coupling of the diffusion coefficients of all involved species.
In the case of n-STO, the self-diffusion coefficients of electrons, Sr vacancies, and O vacancies differ by many orders of magnitude (cf. Supplemental Material Fig. S1 [60] and Table I ). Thus, because of the high mobility (self-diffusion coefficient) of electrons, the equilibration process driven by the pO 2 jump illustrated in Fig. 2(a) immediately leads to the formation of a space charge ρ SC and an electric field E according to the Poisson equation
The electric field E,alsotermedNernst field, provides the ambipolar coupling of the species.
To accommodate the presence of a local space charge ρ SC into our model, the local EN condition [Eq. (4)] is replaced by a more general charge balance equation including the local space charge ρ SC ,
Here, x specifies the distance from the surface. The space charge ρ SC has to be considered at the surface (x = 0) and in the entire near-surface region (x>0) in which concentration gradients occur in the course of the pO 2 -induced MIT process. In particular, it is the nonzero ρ SC that mediates an electron depletion layer ahead of the Sr vacancy diffusion front, as will be shown below.
Instead of the local EN [Eq. (4)], a global electroneutrality condition, i.e., an overall charge balance, now serves as a conditional equation,
Hence, while locally charge neutrality may be violated during the process, the overall system stays charge-neutral at any time.
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It should be noted that the space charge only appears because of the pO 2 jump. Before the jump, the EN condition holds locally throughout the crystal [i.e., ρ sc (x) = 0e v e r ywhere in the crystal]. As we shall see, in our model, the space charge disappears again for very long times when the densities of all species have approached their new equilibrium values. For this reason, we speak about a kinetic or transient space charge which controls the time evolution of the MIT in donordoped STO. This process thus differs from the equilibrium surface space charge layer found in acceptor-doped STO, which is driven by a lowered enthalpy of oxygen vacancy formation at the surface [58, 70] .
In the next section, we propose a numerical model, which considers both the variation of the surface and nearsurface defect concentrations by local space charges and the concentration dependence of the diffusion coefficients inside the material. The model reflects, therefore, the mandatory expansion of classical approaches in order to understand the transient behavior of n-STO upon oxidation.
Model equations
Inside our model, we calculate the particle flux density j i from the Nernst-Planck equation for each individual type of defect
where ϕ denotes the inner electric potential. The gradient is taken with respect to the distance x from the surface. The first term on the right constitutes the diffusion term, and the second term is the drift term of the particle flux density, reflecting the fact that because of their charge, all involved specieselectronic and ionic-are affected by an electric field. The diffusion coefficient D i and the mobility µ i of an ionic species i are linked by the Nernst-Einstein relationship.
To calculate the evolution of concentrations as a function of time, the continuity equation is applied,
In Eq. (11) we neglect source and sink terms for all species under consideration. This simplifies the calculation, and it is justified because of the following facts: The concentration of electrons is always significantly higher than the concentration of holes, i.e., n ≫ p, for donor-doped STO in all pO 2 regimes [41] , so that source and sink effects based on the generation and recombination of electrons and holes, Eq. (3), can be neglected. In the perovskite lattice, there are also no source and sink effects for the ionic species (only at the surface and, possibly, at internal interfaces, e.g., grain boundaries), because only vacancies have to be considered, while interstitials can be neglected in STO, as mentioned in Sec. II A. Moreover, the ionization state or valence state of ionic species remains unchanged during the process. That is, donors are always D · , Sr vacancies V and Maxwell's first equation
In our calculations, we assume the dielectric constant ε r to depend on the temperature only [86] . For simplicity and due to a lack of experimental data, a dependency on the internal electric field [87] at high temperatures is not considered. (The effect is expected to be small in the cubic phase at high temperature [87] .) The space charge distribution inside the model system is given by Eq. (8) .
To compute the diffusion problem, three conditional equations serving as the boundary conditions at the surface have to be defined for electrons, oxygen vacancies, and cation vacancies. Two boundary conditions of the Dirichlet type are given by the law of mass actions of the surface defect reactions, based on Eqs. (5) and (2), respectively:
The application of these boundary conditions implies that the kinetics of the surface defect reaction is fast compared with the diffusion kinetics. This is justified by the high temperatures used in our study (T>1000 K) [88] . Thus, the local equilibrium at the surface can be presumed for all times. The surface concentration of electrons is involved in the surface mass actions laws (14, 15) . The last conditional equation needed to calculate the concentrations of all species is the global conservation of charge, introduced as Eq. (9) . With the set of differential equations and the three conditional equations describing the boundary conditions for the free surface of donor-doped STO crystals, the system is fully determined.
Numerical model
An implicit finite-difference method is used to calculate the time-dependent concentration profiles, as well as the electric properties, i.e., the space charge profile, the electric field profile, and the electrostatic potential profile for a one-dimensional cut through the crystal. To obtain a better spatial resolution near the surface, flexible nonequidistant spatial slicing has been employed. The nonlinear set of equations consisting of the transport equations and the boundary conditions is solved by a multidimensional damped Newton algorithm. The implicit method makes it possible to obtain a stable solution for large time increments in the case of large differences in the diffusion coefficients of the particles involved. In fact, we were able to predict the kinetics of the MIT from 10 −12 to >10 6 s, i.e., >18 decades in time [time steps were chosen logarithmically, with 10 time steps per decade, with −12 < log(t/s) < 6]. Such a huge dynamic range is required because of the very different time scales of the 115408-7 processes involved. For additional details about our numerical model, see Supplemental Material, Sec. SI3 [60] .
III. COMPUTATIONAL RESULTS AND DISCUSSION
The simulation is performed under the conditions described in Sec. II B for a STO single crystal of 3.5 µm length. Such a length might be the typical grain size in polycrystalline material. Surface exchange reactions of the oxygen and the cation sublattice according to Eqs. (14) and (15) are considered to be instantaneous at T = 1500 K, as mentioned above. The concentration of O vacancies, Sr vacancies, and electrons, as well as the space charge, the electric field, and the potential, are calculated for nonequidistant time increments until the new equilibrium is reached. Diffusion coefficients, mobilities, mass action constants, and dielectric permittivity are taken from the literature.
As we shall discuss in more detail, three time regimes [situations (i)-(iii) in Sec. II A] can be distinguished because of the orders of magnitude differences in the mobilities of the very fast electrons, the moderately fast O vacancies, and the very slow Sr vacancies. We discuss these three time regimes in Secs. A, B, and C below.
A. Equilibration of the electrons
After the pO 2 jump from 10 −10 to 10 5 Pa at T = 1500 K, the new surface concentrations of electrons, O vacancies, and Sr vacancies are established instantaneously, according to the mass action laws. In particular, the new equilibrium at the surface at higher oxygen partial pressure implies a strong decrease in electron concentration and in oxygen vacancy concentration and an increase in Sr vacancy concentration [cf. Fig. 2(a) ].
At this initial moment, the surface and bulk exhibit local electroneutrality at every position. The high mobility of the electrons (0.28 cm 2 V −1 s −1 ; Table I ) immediately leads to a diffusion of electrons from the bulk towards the surface because of the high concentration gradient. This leads in turn to a depletion of electrons in the bulk near the surface and the formation of a positive space charge region due to the now unbalanced donor charges. The surface concentration of electrons increases during this process. Unexpectedly (in the classical picture), the surface concentration of Sr vacancies also starts to rise significantly, as the ratio [V The electronic equilibration process reaches a quasistationary state when the diffusion current of electrons towards the surface is equal to the drift current of electrons towards the bulk, induced by the electric field generated by the positive space charge of the donors. This space charge formation lowers the gradient in the electrons' electrochemical potential, canceling in the quasi-stationary state. In our simulations, the electronic equilibrium is established after some tens of picoseconds. Figure 3 shows the situation after the electronic equilibration at t = 100 ps after the pO 2 jump.
AsshowninFig.3(a), the surface concentration of Sr vacancies at T = 1500 K is drastically enhanced (≈3 × 10 21 cm −3 ) compared with the new equilibrium value [≈8 × 10 19 cm −3 , Fig. 2(a) ] at the final pO 2 (= 10 5 Pa). Classically, surface concentrations may only vary between old and new equilibrium values. This classical picture, as we see here, is not always correct. Accordingly, the negative surface charge created by this classically unexpected excess of Sr vacancies as majority carriers strongly enhances the positive space charge (Fig. 3d) .
Because of the reaction in Eq. (1), the O vacancies also show a surface concentration [≈3 × 10 14 cm −3 , Fig.3(b) ] that differs from the new equilibrium value (≈1 × 10 16 cm −3 ). Hence, while the Sr vacancy concentration at the surface exceeds the new equilibrium value, the oxygen vacancy concentration is by more than one order of magnitude lower than the new equilibrium value. In this sense, we can regard the surface as overoxidized in this initial process. The electron density profile and the corresponding profiles of the space charge ρ(x), the inner field E(x), and electric potential ϕ(x) are given in Figs. 3(c)-3(f) , respectively. Here, we chose ϕ = 0 in the bulk.
The electron density profile in this quasi-equilibrium established within this short 100-ps time scale is given by the Boltzmann equation
where the potential profile ϕ(x) enters in the exponent. Note, however, that the presented profiles are the result of our dynamic simulation-here performed in the picosecond time range. The space charge formation yields a depletion of electrons and thus an insulating surface layer, already on this short time scale (t = 100 ps). The space charge region extends some nanometers into the bulk, corresponding to the Mott-Schottky screening length of the material. At the surface, the electron concentration is reduced by more than two orders of magnitude [ Fig. 3(c) ]. The initial oxidation process thus corresponds to an almost instantaneous MIT in the near-surface region. In fact, our simulation reveals an abrupt change of the near-surface electron concentration, which is only limited by the formation kinetics of cation vacancies at the surface.
On this short time scale, no inward diffusion of Sr vacancies is observed, in agreement with a classical estimation of the diffusion length (L D < 1Å). The corresponding depth profile is a steplike function [ Fig. 3(a) ]. For oxygen vacancies, one can classically estimate a diffusion length of about 1 nm. However, as shown in Fig. 3(b) , the oxygen vacancy profile already bends downwards within the first 10 nm of the surface. This increase of the diffusion length on a small time scale is attributed to the electric field [≈2.2MVcm −1 ; Fig.3(e) ]inthe electron depletion space charge layer near the surface, which is established immediately after the pO 2 jump and which accelerates the oxygen vacancy migration towards the surface. At the surface, a steep steplike decrease occurs, resulting from the fast surface reaction.
B. Equilibration of the O sublattice
The second time regime investigated in detail (up to milliseconds) is determined by the moderately fast migration of O vacancies, finally resulting in a quasi-equilibration of the O sublattice. In this time regime, the diffusion of Sr vacancies into the bulk is still negligible. Because O vacancies are minority carriers, they do not have any significant contribution to the space charge: Therefore, the charge density profile, the electric field, and the electrical potential in the SCR are mainly unaffected by this process and remain constant until the Sr vacancies have started to migrate significantly (see Sec. C). In particular, the ionized Nb-dopants (1.6 × 10 20 cm −3 ) provide the positive space charge in the SCR rather than the local concentration of mobile oxygen vacancies (<2 × 10 18 cm −3
at all x). Consequently, the electron depletion profile remains stationary, too, and the dynamics of the oxygen vacancy concentration profile is the only relevant process in this time scale. Therefore, after the establishment of the electronic equilibrium (Sec. III A), the subsequent out-diffusion of O vacancies from the bulk towards the surface takes place under a stationary electric field. The results of our dynamic simulation in the intermediate time range are presented in Fig. 4 . It shows the time evolution of the [V O¨] profiles during the equilibration process from t = 0 to t = 5 ms. The colored plots refer to logarithmic time steps. Significant migration of oxygen vacancies is observed on the time scale of nanoseconds to milliseconds.
On a linear scale [ Fig. 4(a) ], the profiles appear to represent typical diffusion profiles. At t = 1 µs, the oxygen vacancy profile is about 300 nm wide (dark green line). In contrast to the short time range (t = 100 ps), this value now is in better agreement with the classical diffusion length, because outside the electron depletion layer at the surface, the ambipolar diffusion coefficient of O vacancies and electrons is approximately equal to the self-diffusion coefficient of the O vacancies due to the high concentration and mobility of the electrons.
However, there are some notable aspects arising from a more detailed inspection of the profiles. The logarithmic scale [ Fig. 4(b) ] shows that the value in the interior of the bulk approaches extraordinarily small values (approximately 6 × 10 10 cm −3 ). This bulk value is four orders of magnitude lower than the initial concentration established at the already overoxidized surface. If we now magnify the region close to the surface [ Fig. 4(c) ], we observe an unexpected enrichment of O vacancies towards the surface. Such a concentration profile decaying into the bulk would naively be expected only during a reduction process. Contrary to expectation, the model thus predicts an uphill diffusion of oxygen vacancies during the oxidation process.
After approximately 5 ms (see Fig. 4 ), a quasi-equilibrium of the oxygen sublattice is reached. [V O¨] (x) can then be described by the potential profile ϕ(x) with the Boltzmann equation
The We explain this unexpected result with the presence of the strong electric field formed at the surface. On the one hand, the (low) concentration gradient of oxygen vacancies from the bulk towards the surface region causes (small) diffusion currents. On the other hand, the high negative internal electric field drives the oxygen vacancies further towards the surface, despite the opposite concentration gradient at the surface. As a result, oxygen vacancies accumulate in the near-surface region. The behavior of the oxygen vacancy concentration profile in this state of the oxidation process is highly unusual and solely caused by the surface space charge formation. While this behavior has only a minor impact on the electrical properties of n-STO (as oxygen vacancies are minority charge carriers), the uphill diffusion process is essential for understanding, e.g., oxygen ion diffusion in n-STO [46] .
C. Equilibration of the Sr sublattice
The third time regime is determined by the slow motion of the Sr vacancies finally resulting in the equilibration of the Sr sublattice. This final state then corresponds to the new thermodynamic equilibrium of lattice disorder at the new pO 2 throughout the entire single crystal [cf. Fig. 2(a) ]. Because Sr vacancies are majority carriers, their motion strongly influences the space charge region and, as a consequence, the electric field and potential. As we shall see, the space charge profile changes continuously, as it spreads out into the bulk and becomes less pronounced in its amplitude. Finally, it will disappear completely. The concentration profiles of electrons and the O vacancies will follow quasi-instantaneously. This is because the quasi-equilibria [Eqs. (16) and (17) ] are rapidly reached on the time scale discussed in this section. In the course of the equilibration of the Sr vacancy profile, the initial surface excess of Sr vacancies decreases and finally vanishes. Figure 5 shows the time evolution (100 µsto10 6 s) of the concentration profiles of (a) Sr vacancies, (b) electrons, and (c) O vacancies, as well as the profiles of the space charge (d), the inner electric field (e), and the electric potential (f). Figure 6 displays enlarged views on the near-surface region. In our dynamical simulation, we observe the first significant migration of Sr vacancies at a simulation time of about 10 ms [Figs. 5(a) and 6(a)].
Classically, one would estimate a diffusion length of about 1Å (migration over a distance of less than one lattice parameter) for Sr vacancies at 10 ms. However, our simulations reveal that the diffusion front has already reached about 1 nm (dark yellow line). This indicates that initially the Sr diffusion is (about a hundred times) faster than classically expected, as the diffusion process is accelerated by the initially strong electric field in the SCR.
A new equilibrium in the Sr sublattice, corresponding to a flat concentration profile at [V (10 6 s) is in the micrometer range, cf. Table I ). This is because the field acceleration diminishes in the course of time, as shown in Fig. 5(e) .
The density profiles of Sr vacancies and electrons do not show the typical shape of an error function (indicative of a diffusion process driven by concentration gradients only).
Instead, an unusually shaped and pronounced diffusion front is observed. This is also a result of the time evolution of the electric field acting on the motion of the species in addition to the diffusion.
In terms of our simulation, these features on the long time scale can be regarded as an effect of a density-dependent ambipolar diffusion coefficient of the two majority carriers, electrons, and Sr vacancies, which varies with position and time: (1) Ahead of the diffusion front, the density of electrons exceeds the density of Sr vacancies by several orders of magnitude, so that the ambipolar diffusion coefficient in this region is given by the self-diffusion coefficient of Sr vacancies. (2) Behind the diffusion front, the charge balance mechanism of the donor charge changes from the electronically chargebalanced to Sr vacancy charge-balanced, i.e., n ≪ [V ′′ Sr ]. As a consequence, the ambipolar diffusion coefficient becomes significantly larger than the self-diffusion coefficient of Sr vacancies. This is a result of the negative electric field (Fig. 5e) accelerating the (negatively charged) Sr vacancies in this region, in particular, in the initial state.
In the course of time, both the electron concentration profile [ Fig. 5(b) ] and the oxygen vacancy profile [ Fig. 5(c) ] follow the Sr diffusion front, because of their quasi-equilibrium states achieved on these larger time scales. The quasi-equilibrium of the oxygen sublattice causes a widening of the unusual concentration profile. The electron concentration shows a depth profile inverse to the Sr vacancy profile. As a result, the electron depletion layer rapidly formed after the pO 2 jump grows into the bulk at the same speed as the Sr vacancy diffusion front. Hence, we observe a slow transition from the highly conducting electron charge-balanced n-STO to the insulating vacancy-compensated n-STO in the bulk.
Another remarkable feature is the evolution of the surface concentrations of all defects during the equilibration process as indicated by the arrows in Figs. 6(a)-6(c). As discussed above, the initial concentration of the majority defect, Sr vacancies, is found to be more than a factor of 40 larger than the new Schottky equilibrium value. This surface excess diminishes over time, as the defect profile widens into the bulk [ Fig. 6(a) ]. At the same time, the surface concentration of electrons decreases as a result of the quasi-equilibrium [ Fig. 6(b) ]. In contrast, the oxygen vacancy concentration increases again upon oxidation [ Fig. 6(c) ]. Hence, after the initial fast drop of the oxygen vacancy concentration to very small values in the bulk (Sec. III B), the oxidation process involves the formation of oxygen vacancies on this time scale. This an unexpected and nonintuitive result. The reason is the decrease of the surface Sr vacancy concentration and the initial overoxidation of surface and bulk driven by the quasi-equilibrium of the oxygen sublattice. In the course of time, the O vacancies hence start to diffuse back into the bulk, following the in-diffusion of Sr vacancies, and finally approach the equilibrium value given in Fig. 2(a) .
As mentioned, the origin of the variation of the surface concentrations with time is of similar nature as the acceleration of the diffusion of Sr vacancies, namely the formation of a kinetic space charge layer between surface and diffusion front. The highest local space charge is found at the surface. This causes a widening of the Sr vacancy profile and a subsequent shift in the surface concentrations. In total, this leads to an overall increase of the total Sr vacancy concentration within the space charge layer and thus the negative charge density near the surface. At the same time, the surface density of electrons within the surface layer reduces, until a new local equilibrium is established. In the course of time (10 5 -10 6 s), the surface space charge [ Fig. 6(d) ] diminishes, and the associated field [ Fig. 6(e) ] as well as its effect on the surface concentrations becomes less pronounced.
The surface concentrations as well as the bulk concentrations (x = 1.75 µm) of all species as a function of time are displayed in Fig. 7(a) . One can distinguish the three time scales (i), (ii), and (iii) discussed above. The partial equilibrium of the electronic subsystem (i) is reached almost instantaneously (t ∼ 10 −10 s). The initial surface concentration of electrons (dark red line) being much lower than the bulk concentration (light red) corresponds to the formation of the electron depletion layer. The partial equilibrium of the oxygen sublattice (ii) is reached after a few milliseconds, as indicated by the huge drop in the bulk concentration of oxygen vacancies (light blue line). This drop of the bulk concentration well below the surface concentration (dark blue line) represents the effect of uphill diffusion revealed on this time scale. Finally, the equilibrium of the Sr sublattice (green lines), and thus the equilibrium state of the entire system, is achieved after 1-10 d; here, surface defect concentrations and bulk concentrations are identical.
As illustrated in Fig. 7 , the effect of time-dependent surface densities of Sr vacancies also does not only exist at very short times but remains present for several hours (dark green line) under the chosen oxidation conditions.
On short time scales, the high (excess) concentration of Sr vacancies at the very near surface causes an initial surface potential of −0.57 V. The in-diffusion of Sr vacancies is associated with a slow increase of the surface potential to −0.80 eV. Only at very long times does the potential fall to zero [see Fig. 7(b) ]. The evolution of the surface potential barrier can therefore be broken down in three stages. The first stage is given by the reaction rate of Sr vacancies at the surface and the space charge formation described in Sec. III A.T h e second stage is then dominated by the kinetics of the cation sublattice, i.e., the in-diffusion of Sr vacancies. The final stage corresponds to the sample approaching the new equilibrium (ϕ → 0).
IV. IMPACT OF SPACE CHARGE FORMATION ON THE ELECTRICAL RESPONSE OF n-STO
The formation of the kinetic SCR upon oxidation has a tremendous effect on the electronic response of n-STO, in particular that of the surface. Based on our simulation results, we are able to provide qualitative predictions for the different time scales, allowing us to revisit experimental findings reported in the literature. In fact, our model suggests an extremely rapid MIT in the near-surface region of n-STO, which is much more pronounced than predicted in the classical picture, followed by a very slow MIT moving into the bulk of the material in the course of the oxidation process.
The electron depletion layer formed immediately after exposure to oxidizing conditions [time scale (i), Fig. 3 ] corresponds to a potential barrier (∼0.6 eV) for electron transport across the surface space charge layer. Due to the carrier depletion, electron transport along the surface of n-STO is suppressed immediately after oxygen exposure, too. Hence, at the surface, one already expects band bending and a rapid MIT upon oxidation in the very initial phase of the oxidation process, in which only negligible inward diffusion of Sr vacancies occurs.
For in-plane conduction measurements on single crystals, this has only a limited effect, as the insulating surface region is electrically shorted by the still highly conducting bulk. For thin films, however, the effect of the surface space charge layer is more severe, as electrons may be depleted from the entire thin film. As shown in Ref. [89] , n-STO thin films grown at considerably oxidizing conditions and/or annealed in high oxygen pressure can be insulating-even though they contain large amounts of shallow donor dopants. They show conduction only above a critical thickness that relates to the Debye screening length of the deposited thin film, indicating a surface space charge effect, rather than a growth-related effect. In Ref. [89] , this behavior was assigned to surface states and a resulting surface pinning potential of about 0.7 eV (at 5 at % La doping), which is in remarkably good agreement with the surface potentials obtained in our simulations (Fig. 3) . Hence, the observed thickness effect in n-STO thin films indicates that surface Sr vacancy-driven space charge formation is already effective at T ≈ 1000 K, i.e., at a much lower temperature than examined in this paper. In our model, band bending occurs due to the annihilation of electrons and the formation of acceptors (Sr vacancies) at the surface according to Eqs. (5) and (14) . These acceptors are fully ionized under all conditions we have simulated, i.e., the Fermi level stays sufficiently high so that these acceptors do not trap holes. Therefore, Sr vacancies at the surface of n-STO can be regarded as giving rise to extrinsic acceptor-type surface states [90] .
Note that electron depletion is not observed in delta-doped structures in which the n-doped STO layer is covered by an additional undoped top layer before a postannealing process in oxidizing conditions is performed [91, 92] . In this case, Sr vacancy formation in the buried n-STO layer would require significant diffusion of Sr towards the surface and is, therefore, sluggish and can be suppressed by limiting the annealing time. As a result, delta-doped structures stay conducting also for a thickness of the n-doped layer well below its Debye screening length.
The space charge formation as described in this paper is also expected to affect the electronic band structure at interfaces between n-STO substrates and a functional thin film grown on top of it. As has been shown by electron holography, surprisingly significant band bending occurs on the n-STO substrate side of epitaxial Nb:STO/Fe:STO heterostructures [20] . In order to reproduce the measured potential characteristics across the structure, interfacial acceptor-type defect states had to be assumed. Here, the band bending on the Nb:STO side of the interface is found to be about 0.6 V, and the total concentration of interfacial acceptor states corresponds to 4 × 10 20 cm −3 distributed over about 4 unit cells of the n-STO substrate (approximately equivalent to 1.6 × 10 21 cm −3 acceptors confined to a single unit cell). Both values, converted into concentrations of Sr vacancies, are in good agreement with our calculations. Note that before thin film deposition, n-STO substrates are commonly annealed in air or oxygen flow at temperatures of about 950-1000
• Cfora few hours (i.e., time scales (i)-(iii) depending on temperature) to achieve a defined step terrace structure desired for epitaxial growth [93] . According to our study, the surface of such a treated substrate will be electron-depleted as a result of the surface oxidation and will thus show intrinsic band bending towards the surface. Thus, we can again conclude that the interfacial acceptor states proposed in Ref. [20] are in actual fact Sr vacancies formed at the substrate's surface prior to thin film deposition.
Such results emphasize the importance of the detailed understanding of the oxidation process in n-STO for all thin-film studies performed on n-STO substrates. In fact, a similar electron-depleted SCR has to be considered for any n-STO substrate after applying an annealing process in oxygen-rich atmospheres. In this view, the large negative trap charge promoting stable resistive switching at the interface between Pt and n-STO [26] may be related to Sr vacancy accumulation at the interface, too.
Additionally, according to our model, polycrystalline (i.e., ceramic) samples are expected to show an immediate increase in electrical resistance upon oxidation, as the potential barriers established at the grain boundaries form a network of additional serial resistances. On short time scales, the bulk of each grain is still highly conducting, so electrons can travel freely once they have passed the surface potential barrier (∼5-10 nm, cf. Fig. 3 ). However, as the oxidation process proceeds in the course of time, the electron depletion layer widens, and the height of the potential barrier increases to about 0.8 eV as a result of Sr vacancy diffusion [time scale (iii), Figs. 5, 7] . Hence, the immediate increase in resistance is followed by a slower, gradual increase in resistance, and hence a slow MIT in the bulk. Such a behavior of the electrical resistance at high temperature has indeed been observed for n-STO [47] , as well as n-BTO [73, [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] ceramics.
V. SUMMARY AND CONCLUSION
The present paper reports on the MIT in donor-doped SrTiO 3 (n-STO) upon oxidation driven by a large change in the oxygen partial pressure at elevated temperatures. Using an implicit finite differences approach, the motion of all defects is calculated on the basis of a continuous medium model. In contrast to earlier models, we consider a global charge neutrality condition instead of a local one, in order to accommodate the interactions of ionic defects with the intrinsic internal electric field formed during the oxidation process. This approach allows for the formation of kinetically controlled space charge layers at the surface evolving during the equilibration process due to the different diffusion coefficients of the species involved. In return, this leads to time variant surface defect concentrations.
If the oxygen partial pressure is changed instantaneously from reducing condition (electronically charge-balanced) to oxidizing (cation vacancy charge-balanced) conditions at high temperatures, the kinetic model discloses a threefold re-equilibration process of (1) the electronic band structure, (2) the oxygen sublattice, and (3) the cation sublattice taking place on very different time scales. The main results of our study can be summarized as follows.
(i) On the short-term scale (up to 100 ps), the establishment of the electronic equilibria yields a rapid formation of an electron depletion SCR and a corresponding potential barrier at the surface. The SCR formation is driven by the fast formation of Sr vacancies only in the surface layer, while there is no diffusion of Sr vacancies into the bulk.
(ii) Because of the active surface equilibrium reaction during the SCR formation, the Sr vacancy surface density exceeds the new equilibrium by more than one order of magnitude. We call this effect an "overoxidation."
(iii) As a result of overoxidation, the SCR is much more pronounced than in the classical model. This is associated with a correspondingly enhanced drop in the conductivity and thus a particularly pronounced MIT in the near-surface region.
(iv) On the midterm scale (up to a few milliseconds), the equilibration of the oxygen sublattice takes place. The electron depletion profile as well as the electrical properties of the material do not change during this process, since the O vacancies are minority carriers.
(v) Driven by the strong internal electric field in the SCR, O vacancies are enriched in the near-surface region on the midterm scale. Oxygen vacancies are forced to move against their concentration gradient, so that the profile reveals an anomalous "uphill diffusion" shape, in agreement with 18 O diffusion data reported in the literature. (vi) On the long time scale (up to days), the equilibration process is dominated by the defect kinetics of the Sr sublattice. The initial surface excess of Sr vacancies fades while the width of the SCR increases along with the diffusion front of the Sr vacancy profile. The amplitude of the SCR decreases until it completely vanishes in the end. The electron density profile, as well as the O vacancy profile, can be regarded as being in quasi-equilibrium states, dictated by the slowly evolving Sr vacancy profile.
(vii) Initially, the strong electric field in the SCR accelerates the (very slow) Sr vacancy diffusion by a factor of about 100. This field acceleration vanishes as the SCR fades in the course of time.
The formation of the pronounced electron depletion SCR at the surface of n-STO and the local equilibration of the cation sublattice imply severe consequences for the electrical properties of n-STO thin films and the interfacial band structure in epitaxial thin-film devices based on n-STO substrates. In particular, the effects of surface carrier depletion and concentration profiles, as well as interface bend banding, may be seen from a different perspective, now considering the near-surface and near-interface lattice disorder of n-STO as discussed in this paper. Based on this model, the understanding of the resistive switching behavior of n-STO, as well as the strategies to tailor electronic properties of n-STO thin films and interfaces, may be refined. The model may also contribute to a link between the macroscopic understanding of the dynamics of the lattice disorder and surface structures observed on the atomistic level after dedicated surface treatments. Moreover, the processes described by the model will help to refine the understanding of the formation of grain boundary potential barriers in donor-doped ceramics, such as PTCRs (positive temperature coefficient of resistance), resistive sensors, and internal boundary layer capacitors.
The presented model is not limited to the investigated material but might describe a general mechanism, which can be found in a variety of different ionic materials with similar lattice disorder.
